Biodegradation of diethyl phthalate (DEP) has been shown to occur as a series of sequential steps common to the degradation of all phthalates. Primary degradation of DEP to phthalic acid (PA) has been reported to involve the hydrolysis of each of the two diethyl chains of the phthalate to produce the monoester monoethyl phthalate (MEP) and then PA. However, in soil co-contaminated with DEP and MeOH, biodegradation of the phthalate to PA resulted in the formation of three compounds, in addition to MEP. These were characterised by gas chromatography-electron ionisation mass spectrometry and nuclear magnetic resonance as ethyl methyl phthalate, dimethyl phthalate and monomethyl phthalate, and indicated the existence of an alternative pathway for the degradation of DEP in soil cocontaminated with MeOH. Transesterification or demethylation were proposed as the mechanisms for the formation of the three compounds, although the 7:1 ratio of H 2 O to MeOH means that transesterification is unlikely. ß
Introduction
Phthalates are synthetic compounds used predominantly as additives in plastic to improve mechanical properties of the plastic resin, particularly £exibility. An absence of plasticiser renders a plastic brittle or in£exible [1] . However, in order to provide the required £exibility, the phthalate plasticiser is not bound covalently to the resin and is able to migrate into the environment [2] . Due to the global use of plasticised plastics, phthalates have been detected in every environment in which they have been sought [3] , with the highest concentrations detected adjacent to phthalate production or plastics processing facilities.
Complete mineralisation of phthalate in the environment is restricted to microbiologically mediated processes [4] , with the biodegradation process reported to follow a series of stages common to all phthalate esters [4, 5] . Phthalate has the basic structure of an esteri¢ed benzenedicarboxylic acid with two alkyl chains, and primary biodegradation involves the sequential hydrolysis of the ester linkage between each alkyl chain and the aromatic ring, forming ¢rst the monoester and subsequently phthalic acid (PA) [6] . This process is common to both aerobic and anaerobic degradation and has been reported in at least 10 bacterial genera [7] . Secondary biodegradation results in mineralisation of the PA by a number of pathways [8, 9] .
With diethyl phthalate (DEP), the formation of both the monoester (monoethyl phthalate (MEP)) and PA has been observed following the biodegradation of DEP in aqueous solution as the sole carbon source by Micrococcus sp. [10] and Aureobacterium saperdae NRRL B-14840 [11] . The appearance and subsequent degradation of PA during the degradation of DEP, also in aqueous solution, has been reported [12] although no monoester was detected. No other aromatic metabolites have been recorded during the primary degradation of a diester phthalate to PA.
Because of the low solubility of diethyl:phthalate, and in order to ensure its dispersion throughout the soil sample, the DEP was added to the soil used in this investigation in 100-Wl aliquots of methanol. However, soil co-contaminated with both DEP and methanol is not unique to this study, as a cocktail of common organic solvents including alcohols, ketones and phthalates has been detected at hazardous waste sites [13] , and the industrial produc-tion of phthalate from the reaction of phthalic anhydride and the appropriate alcohol means that phthalate production facilities are likely to be contaminated with both phthalate and alcohol [14] . This paper reports the appearance and identi¢cation of three compounds, in addition to MEP and PA, observed during the biodegradation of DEP in soil co-contaminated with methanol, and proposes an alternative primary biodegradation pathway for DEP in the environment.
Materials and methods

Chemicals and equipment
All reagents used were obtained from Sigma (SigmaAldrich, Poole, UK) unless otherwise stated. The MeOH used was high performance liquid chromatography (HPLC) grade (Fisher, Loughborough, UK). Samples and reagents were sterilised by autoclaving at 121³C and 103.5 kPa for 18 min. As a precaution against contaminating experimental samples with phthalate from plasticised plastic, Te£on-lined autosampler vial and methylating tube caps were used, and wherever possible, glass was utilised instead of plastic. All incubations were performed in the dark. Incubation experiments using soil involved a sandy clay loam soil (pH 6.25, 3.78% organic carbon content), and were carried out as described previously [15] . The values stated for the mass of soil are air-dried equivalents.
Extraction and analysis of phthalate in soil
Diester phthalate compounds were extracted from soil by solvent extraction using ethyl acetate and analysed by GC-FID [15] . The more polar monoester phthalates and PA were extracted by the same method, but with 5 ml sterile distilled water being used instead of the ethyl acetate. Aqueous soil extracts were analysed by HPLC [15] . HPLC and GC-FID peaks were identi¢ed initially by comparison with known standards of DEP, dimethyl phthalate (DMP), monomethyl phthalate (MMP) (Lancaster, Morecambe, UK; available as hydrogen methyl phthalate) and PA. A standard of MEP could not be obtained commercially and was therefore synthesised.
Synthesis of monoesters
The monoesters MMP and MEP were synthesised from phthalic anhydride and MeOH or EtOH (Super Purity grade, Romil Chemicals, Cambridge, UK), respectively, using the method of Ejlertsson et al. [16] . MMP was synthesised to provide a positive control for the production of MEP. Equimolar amounts of phthalic anhydride (5 g) and alcohol were dissolved in 50 ml toluene (AR grade, Fisons, UK) and re£uxed for 13.5 h. After cooling, the mixtures were transferred to a separation funnel and washed three times with 25 ml distilled water. The toluene was removed under N 2 , and the crystals dried on ¢lter paper (Whatman No.1). The presence and identity of the monoesters were con¢rmed by HPLC and proton nuclear magnetic resonance (NMR) (data not shown).
Con¢rmation of identity of DEP degradation compounds
The identities of DEP, DMP and ethyl methyl phthalate (EMP) peaks detected by GC-FID were con¢rmed by gas chromatography-electron ionisation mass spectrometry (GC-MS), carried out by the EPSRC National Mass Spectrometry Service Centre (University of Wales, Swansea, UK). GC-MS analyses were compared with commercial standards and with library records from the National Institute of Standards (NIST).
Fate of 14 C-labelled MeOH in soil
To determine the fate of DEP in soil, the diethyl :phthalate was dissolved in 100 Wl MeOH and added across the surface of 2 g pre-sieved soil ( 6 1.7 mm) contained in a 28-ml glass Universal bottle. The Universal bottles were left open for 1 h to allow the MeOH to volatilise. After the 1 h, the soil was treated with sterile phosphate bu¡er to adjust the water content of the soil to 50% water holding capacity (whc), and the Universal capped, and vortexed brie£y. Experiments were performed with 14 C-labelled MeOH (speci¢c activity 0.75 kBq Wl 31 ) to determine how much of the 100-Wl MeOH spike was volatilised during the 1 h after addition of the solvent to the soil, and also to investigate the fate of any MeOH remaining in the soil.
To determine how much MeOH was lost during the 1-h venting period, four sets of triplicate sterile and non-sterile soil samples were spiked with 100 Wl MeOH (10% [ 14 C]MeOH v/v). Two sets of soil samples (sterile and non-sterile) contained scintillation vial traps with either 1 ml 0.5 M NaOH or 1 ml Optiphase and were kept sealed throughout the 1-h experiment. The other two sets were treated with 5 ml cold MeOH either immediately, or after the 1 h, to determine the amount of MeOH present in the soil. Following the addition of 5 ml MeOH, the soil samples were vortexed for 1 min and 1 ml of solvent phase transferred to a scintillation vial. At the end of the 1 h, 3.5 ml scintillation £uid (Optiphase`Hi Safe-3', Fisher, UK) was added to each scintillation vial, and the level of radioactivity measured by liquid scintillation counting (Beckman LS 60000TA, Fullerton, CA, USA). NaOH was subsequently chosen as the preferred £uid for the scintillation vial traps in the following experiments, due to its greater a¤nity for volatilised MeOH.
To determine how long MeOH remained in the soil after the initial volatilisation period, triplicate soil incuba-tion experiments (sterile and non-sterile soil) were treated with 100 Wl MeOH (10% [
14 C]MeOH) and left to vent for 1 h. Soil was adjusted to 50% whc, vortexed and a scintillation vial trap containing 1 ml NaOH added before the Universal was sealed. Soil samples were incubated at 20³C and the traps changed every 5 days with a minimum of venting until 21 days after time zero. This experiment was repeated using 100% [ 14 C]MeOH to determine whether any of the MeOH that remained in the soil was involved in the transesteri¢cation of DEP to EMP, and EMP to DMP (the absence of methanol in the soil during the appearance of these compounds indicates that methanol cannot be directly involved in EMP and DMP formation). Ten non-sterile soil samples were treated with 100 Wg g 31 DEP dissolved in undiluted [ 14 C]MeOH, and vented, vortexed and adjusted to 50% whc as before. Traps of 0.5 M NaOH were added to each Universal and the samples incubated at 20³C. After 4 days, the traps were removed and 5 ml ethyl acetate added and the phthalate extracted. Solvent samples were analysed by HPLC and returned to their respective Universals. The samples were allowed to vent until no ethyl acetate remained, and were then extracted again with 3U10 ml ethyl acetate. The solvent phase from these three extractions was pooled and evaporated under N 2 to 6 1 ml. A sample of concentrated solvent was chromatographed on a silica thin layer chromatography (TLC) plate using hexane:acetone (4:1 v/v) as the developing solvent. Cold standards of 2 mg ml 31 DMP and DEP (in MeOH) were run alongside the experimental samples. The TLC plate was analysed by phosphoimager (Zeneca Agrochemicals, Bracknell, UK) to determine the retention factor (R f ) of any radiolabelled compound detected on the plate.
Results
Identi¢cation of compounds formed during the degradation of DEP
Analysis of soil extracts, by GC-FID and HPLC taken during a 20 day time course from a soil treated with 100 Wg g 31 DEP, identi¢ed six phthalates. Analysis of heatsterilised soil treated with DEP only detected DEP, even after incubation for 20 days. Analysis of the soil treated with 100 Wg g 31 DEP over a 20 day time course detected decreasing concentrations of DEP, and the appearance of the ¢ve other compounds (Fig. 1) . Based on these observations, the behaviour of the compounds when analysed by GC-FID and HPLC, and the comparison of the retention times with known standards, the peaks were identi¢ed as DMP, DEP, PA, MMP and MEP. Although the retention time for one peak did not match any standard, it did occur midway between the peaks identi¢ed as DMP and DEP, and was identi¢ed provisionally as EMP.
Provisional identi¢cation of DMP and EMP was supported by GC-MS analysis. Comparison of GC-MS pro¢les of experimental samples (Fig. 2 ) with commercial standards (Fig. 3) and NIST library records showed a strong similarity between the pro¢les for each compound, with the parent ions (194, 208, 222) for each of the traces (Fig. 2) matching the molecular masses of DMP (194), EMP (208) and DEP (222). (No standard of EMP was available for analysis and no library record exists with ethyl methyl terephthalate ester, the nearest library match).
During analysis by GC-MS, the phthalates were predicted to be cleaved at the carbon^carbon bonds between the aromatic ring and the carbonyl groups and the carbon^oxygen bonds linking the carboxyl groups to the alkyl chains. Cleavage of these bonds in DEP would gener- ate fragments of molecular mass 149 and 177. DMP would yield fragments of molecular mass 135 and 163, and a phthalate possessing both a methyl and ethyl alkyl chain (EMP) would produce all four fragments.
GC-MS analysis of commercial standards con¢rmed the predicted fragmentation, with peaks 135 m/z and 163 m/z present in the DMP mass spectrometry pro¢le, and peaks 149 m/z and 177 m/z detected in the DEP pro¢le (Fig. 3) . This was mirrored with the experimental samples, and the presence of all four peaks and a parent ion of 208 m/z for the EMP compound con¢rmed the provisional identi¢cation. Although GC-MS as an analytical technique cannot be guaranteed to provide a de¢nitive identi¢cation, non-phthalate amended soil samples showed there were no other compounds present in the soil with a similar GC-MS pro¢le to phthalate.
Experimental conditions required for formation of EMP, MEP, DMP and MMP
Degradation of DEP and the formation of EMP, MEP, DMP, MMP and PA were only observed in non-sterile soil. Treatment of non-sterile soil with 5% (w/v) sodium azide [17] 24 h before addition of phthalate reduced the in the sodium azide-treated soil. However, determination of total microbial numbers by viable counts on tryptone soya broth agar revealed that approximately 10% of the soil micro£ora had survived treatment with sodium azide. The addition of 2% (w/v) sodium azide to non-sterile soil 30 h after treatment with DEP had a similar e¡ect causing a signi¢cant reduction (P = 6 0.05) in the degradation of DEP and EMP, and no further signi¢cant (P = 6 0.05) formation of DMP (Fig. 4) .
All of the extracts analysed and described so far were taken from soil treated with DEP dissolved in MeOH (used to ensure an even distribution of the phthalate across the surface of the soil, and as a reproducible method of treating soil with low concentrations of phthalate). Previous experiments had shown that the addition of 100 Wl MeOH had no detectable e¡ect on numbers and metabolic activity of the soil micro£ora, as measured by dehydrogenase activity and viable counts (data not shown). When the MeOH was replaced with 100 Wl phosphate bu¡er+0.05% v/v Tween 80 as a solvent for DEP, the DEP was degraded, but only MEP and PA were detected. However, if the soil was pre-treated with 100 Wl MeOH (added in the same method as described for treating the soil with phthalate) 24 h before the addition of DEP in 100 Wl phosphate bu¡er+0.05% v/v Tween 80, then EMP, DMP and MMP were detected.
Discussion
Published reports on the microbial biodegradation of phthalate identify the monoester and PA as the only metabolites [7, 16] . The detection of MEP and PA during the biodegradation of DEP was consistent with these reports and the degradative pathway described. However, the identi¢cation of EMP, DMP and MMP (as well as MEP and PA) by GC-MS and NMR (data not shown), and their detection in sequential order EMP, DMP then MMP, suggest the existence of a second degradation pathway. The impact of the respiratory inhibitor sodium azide showed that the presence of EMP and DMP was biologically mediated. This was also supported by the absence of these compounds in sterile soil (data not shown).
The published pathway of DEP degradation involves the sequential hydrolysis of both C^O bonds (Fig. 5) linking the carboxyl group of the phthalate to the ethyl chain, forming the monoester (MEP) and then PA (through removal of the second ethyl group). The formation of EMP, DMP and MMP can however proceed by two di¡erent reactions. These require either the cleavage of a relatively strong C^C bond within the ethyl group, resulting in the sequential demethylation of each ethyl group to form EMP and then DMP, or the replacement of the ethyl group with a methyl group following the cleavage of the relatively weaker C^O bond to produce EMP and then DMP: a process known as transesteri¢cation. In both cases, DMP would then be converted to MMP and PA by the published hydrolytic pathway.
The purpose of this discussion is to assess the relative likelihood of the reaction proceeding by the demethylation or transesteri¢cation route, under the experimental conditions observed in the soil. As no other reactions were expected to produce the metabolites observed, then disproving the existence of one reaction pathway would indicate that the reaction must proceed by the other route. Due to the requirement of the transesteri¢cation-based pathway for MeOH, experiments were designed to address the role of MeOH in the soil, and consequently the likelihood of transesteri¢cation reactions taking place.
Transesteri¢cation is the nucleophilic substitution of one alcohol by another alcohol from an ester [18] . The reaction normally requires high temperature and/or pressure [19] , but can proceed under ambient conditions in the presence of a biological catalyst [20] . To produce the compounds observed, transesteri¢cation would require the presence of methyl groups in the soil during the conversions of DEP to EMP, and EMP to DMP. Analysis of the However, the addition of bu¡er meant the soil was at 50% whc. Due to its greater polarity, H 2 O is a stronger nucleophile than MeOH, and in an environment containing both H 2 O and MeOH, hydrolysis of DEP would be expected to proceed in preference to transesteri¢cation, resulting in the formation of MEP and not EMP.
In the work presented in this paper, both EMP and DMP were detected in soil when H 2 O was in excess of MeOH by 7:1 (and also at 70:1, data not shown). Given the miscibility of H 2 O and MeOH, it seems unlikely that an environment within the soil matrix that contained MeOH and no H 2 O would exist. Therefore, the presence of H 2 O throughout the soil pro¢le would preclude the conversion of DEP to EMP and DMP by a transesteri¢-cation reaction.
The detection of MMP in soil within 1 day also supports the greater reactivity of H 2 O compared to MeOH. Formation of MMP could have only occurred by the hydrolysis of DMP. Unless H 2 O was more reactive than MeOH, the presence of over 50% of the original dose of MeOH in the soil after 1 day incubation would have precluded the formation of MMP from DMP, and resulted in an accumulation of the DMP. This situation was not observed. It is possible that further experimentation could have been conducted in the absence of an excess of H 2 O, or with higher concentrations of MeOH. However, due to the potentially deleterious e¡ects this was expected to have on the soil micro£ora, such experiments were not thought to represent a valid control, and were not undertaken.
The [ 14 C]MeOH was also used to determine whether the methyl group of the EMP was half an ethyl group (from the parent DEP molecule), or had originated as a MeOH molecule. The addition of [ 14 C]MeOH to the soil and the subsequent formation and identi¢cation of 14 C-labelled DMP or EMP would con¢rm that the pathway proceeded by a biologically mediated transesteri¢cation reaction.
A limitation of this technique was that even with undiluted [
14 C]MeOH (100%`hot'), the low predicted concentrations of EMP and DMP meant that the level of radioactivity present in the sample was estimated to be no more than V10 disintegrations per second. This was only 5^10 times greater than the detection limit of the phosphoimager used to analyse the soil extracts. This precluded any further clean-up steps of the soil extracts to remove the humic material.
Analysis of the samples from soil treated with DEP and [ 14 C]MeOH by TLC (Fig. 6) showed that more of the radioactivity (41.4%) was detected at a R f value equivalent to DMP (zone 5) than anywhere else. A further 12.6% of the radioactivity was detected between R f values of 0.2610
.309, which were on average lower than the DEP standard but at a similar level to EMP. This suggested that the radioactivity was due to radiolabelled EMP and DMP present in the soil. However, although the soil was vented to remove excess MeOH, the solvent was found to reside in the soil for up to 21 days. Therefore, it was likely that some of the [ 14 C]MeOH remained trapped in the humic material. The TLC plates had a brown streak of humic material up to a R f value of 0.5. Due to the limitations of the phosphoimaging technique, it was not possible to obtain a concentrated enough sample without a high concurrent concentration of humic material. Therefore, some or all of the radioactivity detected in zone 5 could have been associated with contaminating humic material and not the phthalate.
Based on the data presented, the assumptions that the identi¢cation of the metabolites as EMP and DMP was correct, and that the reaction could only proceed by transesteri¢cation or demethylation, it is concluded that in nonsterile soil in the presence of MeOH, degradation of DEP to PA occurred by demethylation. The main reasons for this conclusion are: the greater reactivity of H 2 O as a nucleophile compared to MeOH ; the occurrence of the reaction in soil in an excess of H 2 O; and the formation (4), 41.8% (5), 12.4% (6), 3.8% (7), 3.8% (8) and 2.0% (9) . No radioactivity was detected in zones 10^12.
of MMP after 1 day whilst MeOH was still present. Although the formation of EMP, DMP and MMP was a direct result of using MeOH as a solvent for DEP, this does not preclude the proposed pathway from occurring in the environment, as alcohols have been reported in sites also polluted with phthalates [13] . The existence of other degradation pathways in sites co-contaminated with DEP and alcohol has implications for the impact of phthalate on the indigenous micro£ora of those environments, as both EMP and DMP are capable of membrane disruption [15] . This may result in a greater toxic e¡ect on microorganisms than in soil where only MEP and PA are produced.
